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Abstract
Tubular injury and peripheral fibroblast activation are the hallmarks of chronic kid-
ney disease (CKD), suggesting intimate communication between the two types of
cells. However, the underlying mechanisms remain to be determined. Exosomes play
a role in shuttling proteins and other materials to recipient cells. In our study, we
found that exosomes were aroused by β-catenin in renal tubular cells. Osteopontin
(OPN), especially its N-terminal fragment (N-OPN), was encapsulated in β-catenin-
controlled tubular cell-derived exosome cargo, and subsequently passed to fibrob-
lasts. Through binding with CD44, exosomal OPN promoted fibroblast prolifera-
tion and activation. Gene deletion of β-catenin in tubular cells (Ksp-β-catenin−/−)
or gene ablation of CD44 (CD44−/−) greatly ameliorated renal fibrosis. Notably, N-
OPN was carried by exosome and secreted into the urine of patients with CKD, and
negatively correlated with kidney function. The urinary exosomes from patients with
CKD greatly accelerated renal fibrosis, which was blocked by CD44 deletion. These
results suggest that exosome-mediated activation of the OPN/CD44 axis plays a key
role in renal fibrosis, which is controlled by β-catenin.
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 INTRODUCTION

The patients with chronic kidney disease (CKD) are rapidly increasing and impose a heavy burden for medical care (He et al.,
2017; Jha et al., 2012; Tan et al., 2016;Wang et al., 2020). CKD is characterized by the gradual loss of renal function and progression
of renal fibrosis (He et al., 2017; Humphreys, 2018), and is a high-risk factor of end-stage renal disease (ESRD) (Jha et al., 2012).
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However, the therapeutic efficacies for CKD remain unsatisfactory nowadays, partly because the underlying mechanisms are
poorly understood (Nastase et al., 2018). As the key components of the kidney, renal tubular epithelial cells and fibroblasts are
major participants in renal fibrosis (Kang et al., 2015; Liu, 2011; Liu et al., 2020; Zhou& Liu, 2016), and recent findings have shown
that the communication exists between them (Gewin et al., 2017; Liu et al., 2020; Prunotto et al., 2012; Qi & Yang, 2018; Tan et al.,
2016). The message delivery may be mediated by a functional protein and gene loader-exosome (Guan et al., 2020; Wortzel et al.,
2019).
Exosomes are the lipid bilayer vesicles with sizes ranging between 30 and 150 nm (He et al., 2018). Through secretion and

endocytosis, exosomes mediate neighboring cell crosstalk and even trigger the communication to remote organs (Wortzel et al.,
2019). Carrying various biomolecules, such as proteins, lipids, metabolites, glycans and RNAs, exosomes can be excreted into
blood, urine and even breast milk (He et al., 2018; Wortzel et al., 2019). Exosome-mediated tubule-interstitial communication
was recently shown to be a main mechanism underlying the development of renal fibrosis (Guan et al., 2020; Liu et al., 2020).
Nevertheless, the detailed mechanisms remain to be elucidated.
As themain constituent of the renal parenchyma, tubular epithelial cells are vulnerable to undergo dedifferentiation, epithelial-

mesenchymal transition (EMT), apoptosis, cell cycle arrest and cellular senescence (Grande et al., 2015; Xu et al., 2020; Yang
et al., 2010; Zhou & Liu, 2016). In addition to the morphological changes, tubular epithelial cells commonly acquire a secreted
phenotype to release proinflammatory and profibrotic factors, including IL-1β, IL-6, IL-8, CXCL1 and TGF-β1, all of which are
drivers to renal fibrosis (Qi & Yang, 2018; Xu et al., 2020). Interestingly, as a type of cell with active metabolism, renal tubular
epithelial cells frequently undertake endocytosis and exocytosis. Exosome cargo-mediated message transmission could certainly
play a central role between tubular cells and neighboring cells such as fibroblasts. Indeed, our recent finding showed that tubule-
derived exosomes induce fibroblast activation and lead to renal fibrosis through exosome-encapsulated sonic hedgehog (Liu et al.,
2020). However, the components in tubular cell-derived exosomes and its mediative role in tubular cell and interstitial fibroblast
communication have not been fully elucidated.
Osteopontin (OPN) is an extracellular matrix glyco-phosphoprotein, which was first identified in bone tissue and then found

to be expressed in other tissues, such as kidney, tooth and blood (Subraman et al., 2015; Vianello et al., 2020). Though binding
with its receptor CD44 and integrin β3, OPNmediates cell adhesion, proliferation, invasion and apoptosis, and plays a role during
tissue fibrosis (Bai et al., 2020; Kaleta, 2019). Full-length OPN has a molecular weight of approximately 70 kDa. In the diseased
state, full-length OPN is often cleaved into anN-terminal fragment (∼50 kDa) and two C-terminal fragments (∼18 and∼16 kDa)
(Hoac et al., 2018). N-OPN could be themajor active form to trigger a series of pathological changes (Hattori et al., 2021; Liu et al.,
2021). However, the role of N-OPN in kidney injury has not been investigated yet. Furthermore, the underlying mechanisms and
modulating signals are poorly understood.
In this study, we found that OPN, especially N-OPN, was increased in injured tubules and secreted into the urine by exosomal

capsulation. Urinary N-OPN served as an indicative marker for renal fibrosis and decline of kidney function. OPN-encapsulated
exosomes mediate intercellular message transmission from injured tubular cells to interstitial fibroblasts, through the receptor
of CD44. We further identified that OPN is a new downstream target of β-catenin, a master controller in tubular injury and
fibrogenesis. This study demonstrates that exosome-mediated activation of the OPN/CD44 axis plays a key role in renal fibrosis,
which is controlled by β-catenin. Our findings provide a newmechanism of renal fibrosis and implicate an important therapeutic
strategy to CKD.

 RESULTS

. N-OPN increases in kidney and urine in various clinical nephropathies and associates with
CKD progression primarily through encapsulation within exosomes

Wefirst examined the expression of N-OPN in various clinical nephropathies. As shown in Figure 1a–c, compared to the negative
signal in normal human kidney, N-OPN was induced in kidney biopsies from patients with CKD, including chronic tubulo-
interstitial nephritis, IgA nephropathy, membranous nephritis, diabetic nephropathy, focal segmental glomerulosclerosis and
lupus nephritis. N-OPNprotein was predominantly localized in tubules in diseased kidneys, but less expressed in the interstitium
and glomeruli. We further assessed fibrotic lesions and found that there was a positive correlation between N-OPN expression
and renal fibrosis (Figure 1d).
As N-OPN is a secreted protein, we further assessed its expression in the urine from patients with CKD by western blotting

analyses. As shown in Figure 1e and f, N-OPN was greatly elevated in the urine of patients with CKD, but not in healthy subjects.
To test the significance of urinary N-OPN, we further quantitatively measured the levels in 30 healthy subjects and a cohort
of 183 patients with CKD using a specific ELISA. The demographic and clinical data of the patients are presented in Figure 1g
and Table S1. Some urine samples were also centrifuged to generate exosomes (Figure 1h). Notably, urinary N-OPN levels were
significantly elevated in patients with CKD compared to those healthy subjects (Figure 1i and j). Notably, as shown in Figure 1k
and l, N-OPN levels were inversely correlated with the estimated glomerular filtration rate, and positively correlated with urinary
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albumin secretion. We then isolated exosomes from the urine of CKD patients (Figure 1 m) and tested its protein constitution by
SDS–PAGE with Coomassie Blue staining (Figure 1n) and mass spectrometry. As shown in Figure 1o–r, gene ontology enrich-
ment analysis of the differentially expressing proteins revealed that the urinary exosomes from patients with CKD significantly
expressed the proteins involved in the fibrinogen complex, collagen binding, immune response, fibroblast proliferation, response
to oxidative stress and β-catenin binding pathway, compared with the healthy controls (Figure 1o). Interestingly, the specific pep-
tides of OPN protein were identified in urinary exosomes from patients with CKD (Figure 1p). To explore the function of OPN,
the STRING database was used to predict OPN-interacting proteins (Figure 1q), which were then subjected to GO enrichment
analysis (Figure 1r). Gene ontology analysis showed that OPN-related pathways were involved in cell adhesion, extracellular exo-
somes, fibronectin binding, collagen binding, cell proliferation, and other processes involved in fibrogenesis signalling, such as
focal adhesion, TGF-β and aging. As a note, themajority of pathways involved in OPN functions are similar to those found in the
encapsulated proteins in the urinary exosomes from patients with CKD. This finding suggests that OPN would play an impor-
tant role in CKD progression through encapsulation in exosomes. To verify this hypothesis, urinary exosomes were assessed by
western blotting analyses. As shown in Figure 1s and Figure S1A–F, exosome markers Alix, CD81, TSG101 and CD63 (Lv et al.,
2020; Tang et al., 2020), and OPN and N-OPN were significantly upregulated in urinary exosomes from patients with CKD.
To further confirm the ratio of exosomal N-OPN in whole urine, we assessed the expression of N-OPN in the whole urine of
CKD patients and the urine with exosomes removed. Interestingly, after exosomes were removed, the expression of N-OPN was
extremely weak in the urine. This indicates that N-OPN is primarily expressed (approximately over 70%) in urinary exosomes
(Figure 1t and Figure S1G). Furthermore, immunocolloidal gold staining verified that N-OPN is indeed encapsulated in the uri-
nary exosomes isolated from patients with CKD, and it is in the interior area, and also at the inner and outer membranes of
exosomes (Figure 1u). These results showed that N-OPN was secreted via exosomes into the urine of patients with CKD, and
served as an indicative marker for CKD progression and renal fibrosis. The identification of exosomes (exosome quantification,
gel analysis of silver staining, iodixanol density gradient centrifugation and nanoparticle tracking analysis (NTA)) are shown in
Figure S1H–K.

. OPN and N-OPN are upregulated in various models of CKD and encapsulated within tubular
exosomes

To test the expression of both full-length OPN (∼70 kDa) and active, N-terminal OPN (N-OPN, ∼50 kDa) in CKD, we con-
structed various CKD mouse models of unilateral ureteral obstruction (UUO), adriamycin nephropathy (ADR) and unilateral
ischemia/reperfusion injury (UIRI). As shown in Figure 2a–f, the expressional levels of OPN, and N-OPN were significantly
increased in kidneys after UUO, ADR or UIRI. Interestingly, CD44, the receptor of OPN (Klement et al., 2018), was also induced.
We next assessed the location of OPN and CD44 in the kidneys by immunofluorescence or immunohistochemistry staining.

As shown in Figure 2g, in UIRImice, there was substantial expression of OPN and CD44 compared with the weak signal in sham
kidneys. Interestingly, OPN was primarily expressed in tubular epithelial cells, while CD44 was mainly located in the interstitial

F IGURE  N-OPN increases in kidney and urine in various clinical nephropathies and associates with CKD progression primarily through encapsulation
within exosomes. (a) Representative micrographs showing the abundance and localization of N-OPN protein in various human CKD: chronic
tubulo-interstitial nephritis (CTIN), IgA nephropathy (IgAN), membranous nephritis (MN), diabetic nephropathy (DN), focal segmental glomerulosclerosis
(FSGS) and lupus nephritis (LN). (b) Normal: nontumor kidney tissue from patients with renal cell carcinoma were used as healthy subjects. Arrow indicate
positive staining (scale bar: 50 μm). (c) Quantitative analysis of immunohistochemical staining of N-OPN in patients with CKD and healthy subjects. (d)
Correlation between N-OPN and fibrosis score. (e–f) Western blot analyses show urinary N-OPN protein in healthy subjects and patients with CKD.
Representative western blot (e) and quantitative data (f) are shown. Numbers (1–10) indicate urine samples from each subject. **p < 0.01 versus healthy
subjects. (g) Pie chart shows the composition of human urine samples. (h) Diagram shows the experimental plan. Morning urine was collected, centrifuged at
3000 rpm for 5 min. The supernatant was collected and tested by ELISA; in addition, after differential centrifugation, the exosomes were extracted by
ultracentrifugation. (i) Graphic presentation shows urinary N-OPN protein levels in cohorts of patients with CKD (n = 183) and healthy subjects (n = 30).
Urinary N-OPN levels are presented as pmol/μmol urinary creatinine (Ucr). ***p < 0.001 versus healthy subjects. (j) Graphic presentation shows urinary
N-OPN protein levels in different stages of CKD. There was no statistical difference among different CKD stages. (k) Linear regression shows a negative
correlation between urinary N-OPN protein and kidney function (estimated glomerular filtration rate [eGFR]). (l) Linear regression shows a significant
correlation between urinary N-OPN levels and urinary albumin to creatinine ratio (ACR). (m–t) Analyses of exosomes isolated from the urine of patients with
CKD and healthy subjects. (m) Transmission electron microscopy (TEM) image showing the exosomes isolated from urine from patients with CKD. (n)
Representative images of Coomassie blue staining of exosomes from the urine of healthy subjects and patients with CKD. (o) Gene ontology (GO) enrichment
analysis of the specific proteins from urinary exosomes of patients with CKD. (p) Representative micrographs showing two specific peptides of OPN from
urinary exosomes isolated from CKD patients were identified by mass spectrometry. (q) An interaction network of OPN protein with other proteins was
identified using the STRING database. (r) GO enrichment analysis of OPN-interacted proteins shows the potential function of OPN. (s) Exosomes were
prepared from the same amounts of urine from healthy subjects or patients with CKD, and were lysed and immunoblotted with antibodies against Alix, CD81,
TSG101, CD63, OPN and N-OPN, respectively. (t) Western blot analyses show N-OPN protein expression in urine and exosome-removed urine from patients
with CKD. (u) Colloidal gold electron microscopy analysis demonstrates that N-OPN was encapsulated in urinary exosomes from patients with CKD. N-OPN
was labelled with 10 nm colloidal gold particles. Arrows indicate positive staining; Scale bar: 100 nm
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area. To further clarify the expression of OPN in tubules, we performed co-staining for OPN and different segment-specific
tubular cell markers, including lotus tetragonolobus lectin, a marker of proximal tubules, peanut agglutinin, a maker of distal
tubules and Dolichos biflflorus agglutinin, a marker of the collecting duct. As shown in Figure 2h, proximal, and distal tubular
epithelial cells were identified as the major sources of OPN, whereas OPN was barely detectable in the collecting duct. We next
performed co-staining of OPN and CD63, an exosome marker. As shown in Figure 2i, the co-localization of CD63 and OPN
was confirmed, suggesting that OPNwas encapsulated in exosomes. A similar result was observed when N-OPN and CD63 were
co-stained. The exosomes derived from proximal tubular epithelial cells were also observed by transmission electronmicroscopy
(TEM) (Figure 2j). Exosomes were also isolated from the kidneys and urine in mice after UIRI. As shown in Figure 2k and l,
the exosomes from UIRI-affected kidneys showed high expression of OPN, N-OPN, TSG101 and CD63. To further confirm that
N-OPN is secreted through encapsulation in exosomes, we isolated exosomes from the urine of UIRI mice and then performed
immunocolloidal gold staining. As shown in Figure 2m, N-OPN was indeed secreted into urine within exosomes.

. Ectopic OPN promotes renal fibrosis, which is inhibited by the prevention of exosome
secretion in vivo

To clarify the role of exosomal OPN in renal fibrosis, we performed experiments in UIRI mice by intravenous injection of OPN
expression vector (pCMV-OPN) and concomitantly treated mice with DMA to block the release of exosomes. The experimental
design is presented in Figure 3a. We then examined kidney function. As shown in Figure 3b and c, serum creatinine (Scr) and
blood urea nitrogen (BUN) levels were significantly elevated after UIRI, but the overexpression of OPN further augmented them.
However, cotreatment with DMA inhibited these effects. The efficacy of OPN overexpression was confirmed by western blotting
(Figure 3d and e). CD63, TSG101, OPN, N-OPN and CD44 expressional levels were increased after the overexpression of OPN
in UIRI mice, but were significantly blocked by the administration of DMA (Figure 3d–j). A similar result was observed when
OPN and CD44 were assessed by immunofluorescence or immunohistochemistry staining (Figure 3k). To further confirm the
role of OPN in CKD, we then assessed renal interstitial fibrotic lesions by Masson’s trichrome staining (Masson) and tested
the expression of multiple fibrogenesis-related proteins by western blotting. Overexpression of OPN deteriorated renal fibrosis,
characterized by increased deposition of collagen (Figure 3k). Furthermore, as shown in Figure 3l–r, the expressional levels of
fibronectin, α-SMA, PDGFR-β, collagen I, vimentin and active β-catenin were all upregulated after UIRI injury, and further
exacerbated by overexpression of OPN, but were largely blocked by co-treatment with DMA. Similar results were observed when
collagen I, vimentin and fibronectin were examined by immunofluorescence staining (Figure 3k).
To further confirm the role of exosomal OPN in promoting fibrosis, we established a UUO mouse model (Figure 4a). In

accordance with UIRI, OPN significantly triggered the deposition of collagen and fibronectin. However, co-treatment with DMA
decreased the deposition of collagen and fibronectin, compared with UUOmice with OPN treatment alone (Figure 4b and c), as
assessed by Masson staining. Similarly, the efficacy of OPN overexpression was confirmed by western blotting (Figure S5K–L).
Then, we further assessed the expression of CD63, TSG101, OPN, N-OPN and CD44 protein by western blotting, immunofluo-
rescence and immunohistochemical staining. As shown in Figure 4b and d–i, CD63, TSG101, N-OPN,OPNandCD44 expression
levels were elevated by overexpression of OPN, but declined following co-treatment with DMA. To further confirm the role of
OPN in promoting fibroblast activation and proliferation, we then tested fibrotic lesions and fibroblast proliferation by western
blotting and immunofluorescence. As shown in Figure 4j–p, OPN induced the upregulation of fibronectin, PDGFR-β, α -SMA,
active β-catenin, PCNA, collagen I and vimentin, but these effects were attenuated by cotreatment with DMA. Although the

F IGURE  OPN and N-OPN are upregulated in various models of CKD and encapsulated within tubular exosomes. (a and b) Representative western
blots (a) and quantitative data (b) show the induction of renal OPN, N-OPN and CD44 expression after UUO. Numbers (1 to 3) indicate individual animals in
a given group. Relative OPN, N-OPN and CD44 levels are expressed as fold induction over sham controls after normalization with α-tubulin. *p < 0.05,
**p < 0.01 versus controls (n = 5). (c and d) Western blotting analyses demonstrate renal expression of OPN, N-OPN and CD44 after injection of Adriamycin
(ADR). Numbers (1 to 5) indicate individual animals in a given group. *p < 0.05, **p < 0.01 versus controls (n = 5). (e and f) Western blot analyses show renal
expression of OPN, N-OPN and CD44 protein after UIRI. Numbers (1 to 3) indicate individual animals in a given group. ***p < 0.001 versus controls (n = 5).
(g) Representative micrographs of immunofluorescence and immunohistochemical staining show tubular OPN and interstitial CD44 expression in UIRI mice.
Arrow indicates positive staining; scale bar: 50 μm. (h) Double immunofluorescence staining demonstrates the generation of OPN predominantly in the
proximal and distal tubular epithelium. Kidney sections were co-stained for OPN (red) and various segment-specific tubular markers (green). Segment-specific
tubular markers were used as follows: proximal tubule, lotus tetragonolobus lectin (LTL); distal tubule, peanut agglutinin (PNA); and Dolichos biflflorus
agglutinin (DBA). Arrow indicates positive staining; scale bar: 25 μm. (i) Double immunofluorescence staining demonstrates that OPN and N-OPN co-localize
with CD63. Kidney sections were co-stained for CD63 (red) and OPN or N-OPN (green). Boxed area is enlarged; Arrow indicates positive staining; scale bar:
25 μm. (j) TEM showing the exosomes released in kidney tissue after UIRI. Arrows indicate exosomes; scale bar: 200 nm. (k and l) Western blot analyses show
the presence of OPN, N-OPN, TSG101 and CD63 proteins in the exosomes isolated from kidneys after UIRI. Exosomes were isolated form kidney tissue of the
same weight. Representative western blot (k) and quantitative data (l) are shown. Numbers (1–5) indicate a pool of exosomes isolated from one animal.
*p < 0.05, **p < 0.01 versus controls (n = 5). (m) TEM show the exosome isolated from urine of UIRI mice and colloidal gold staining demonstrates that
N-OPN was encapsulated by them. N-OPN was labelled with 10 nm colloidal gold. Arrow indicates N-OPN; scale bar: 100 nm
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F IGURE  Overexpression of OPN promotes renal fibrosis but blocking with exosome inhibitor dimethyl amiloride (DMA) inhibits kidney fibrosis in
vivo. (a) Diagram showing the experimental design. Black arrows indicate the injection of pcDNA3 or OPN overexpression plasmid (pCMV-OPN). Red arrows
indicate the time points undergoing UIRI, UNx and sacrifice. Green arrows indicate dimethyl amiloride (DMA) treatment (10 mg/kg body weight). (b and c)
Graphic presentation showing the serum creatinine levels (b) and BUN levels (c) in different groups after UIRI. ***p < 0.001 versus sham controls; †p < 0.05,
††p < 0.01 versus UIRI (n = 5); #p < 0.05, ##p < 0.01 versus UIRI + pCMV-OPN (n = 5). Western blot (d) and quantitative data (e–j) showing the upregulation
of renal Flag, CD63, TSG101, OPN, N-OPN and CD44 expression after overexpression OPN, but these effects were abolished after DMA treatment. *p < 0.05,
***p < 0.001 versus sham controls; †p < 0.05, ††p < 0.01, †††p < 0.001 versus UIRI; #p < 0.05, ###p < 0.001 versus UIRI + pCMV-OPN (n = 5). (k) Kidney
tissues from different groups were subjected to Masson’s trichrome staining, immunofluorescence staining of OPN, collagen I, vimentin and fibronectin, and
immunostaining staining for CD44, as indicated respectively. Arrows indicate positive staining; scale bar: 50 μm. (l–r) Western blots analyses show renal
expression of fibrosis-related proteins. Representative western blot (l) and quantitative data for fibronectin (m), α-SMA (n), PDGFR-β (o), collagen I (p),
vimentin (q) and active β-catenin (r) proteins are shown. Numbers (1 to 2) indicate individual animal in a given group. *p < 0.05, **p < 0.01, ***p < 0.001
versus sham controls; †p < 0.05, ††p < 0.01, †††p < 0.001 versus UIRI; #p < 0.05, ##p < 0.01, ###p < 0.001 versus UIRI + pCMV-OPN (n = 5)
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profibrotic effects of OPN on fibroblasts were confirmed in cultured fibroblasts in vitro (Figure S3), ectopic expression of OPN
or injection with DMA in normal mice did not affect fibrogenesis (Figure S2). This further suggests that exosomal OPN may
play a central role in mediating the pathological processes in renal fibrosis.

. β-catenin-controlled tubular cell-derived exosomes mediate fibroblast activation in vitro

β-catenin is a master controller for renal tubular cell injury by initiating multiple downstream targets, such as RAAS, PAI and
MMP-7. Hence, we further identified the role of β-catenin in controlling tubule-derived exosomal OPN. We first isolated exo-
somes from the conditioned medium of cultured human renal tubular epithelial cells (HKC-8) transfected with active β-catenin
expression plasmid (pDel-β-catenin), and then treated fibroblasts (NRK-49F) (Figure 5a). As shown in Figure 5b and Figure S6A,
TEM and NTA showed that exosomes were successfully isolated, as confirmed by their sizes and bilayer membrane structure.
Furthermore, conditioned medium from active-β-catenin-overexpressed HKC-8 cells (active-β-catenin-CM) could induce cell
proliferation and activation in NRK-49F cells, as manifested by increased expression of fibronectin, EDU-positive cells, PCNA
and c-Myc (Figure 5c–g).We also observed an increase in CD44 expression (Figure 5d and h), suggesting the production of OPN
in β-catenin-overexpressed HKC-8 cells.
To discern the role of exosomes in mediating tubule-fibroblast communication, we treated NRK-49F cells with complete con-

ditionedmedia (Exo In) or exosome-depleted conditionedmedia (Exo Out). We found that complete active-β-catenin-CM (Exo
In) induced fibronectin, vimentin, PDGFR-β, PCNA, active β-catenin andCD44 upregulation inNRK-49F cells. However, deple-
tion of exosomes from active β-catenin-CM (Exo Out) abolished the induction of these proteins (Figure 5i and Figure S4A–F).
Consistently, fibronectin, collagen I and EDU staining showed that they were induced by active-β-catenin-CM (Exo In), but were
abolished when exosomes were deprived (Exo Out) (Figure 5j).

To further study the role of exosomes in mediating tubule-fibroblast communication, we transfected HKC-8 cells with pDel-
β-catenin or pcDNA3 plasmid. After transfection (6 h), HKC-8 cells were incubated with dimethyl amiloride (DMA), a blocker
to exosome release. After 24 h, we collected the conditioned medium to stimulate NRK-49F cells (Figure 5k). The inhibition of
DMA on exosome secretion was confirmed by CD63 immunofluorescence staining (Figure 5l). As shown in Figure 5 m and n,
and Figure S4G–J, co-treatment with DMA inhibited the expression of fibronectin, collagen I, α-SMA and PCNA. Similarly,
blockade of exosome secretion by DMA also abolished cell proliferation and activation in cultured fibroblasts, as demonstrated
by vimentin and EDU staining (Figure 5n).

. Exosome-mediated OPN/CD axis in tubule-fibroblast communication is controlled by
β-catenin

To testify the role of β-catenin in controlling the OPN/CD44 axis, we then transfected HKC-8 cells with pDel-β-catenin plasmid.
As shown in Figure 6a and Figure S5D, ectopic expression of β-catenin induced significant activation of β-catenin. Furthermore,
the expression of CD63, amarker of exosomes, associating with themembranes of intracellular vesicles, was also increased. Inter-
estingly, both OPN andN-OPNwere upregulated, which was concomitant with CD63 induction. However, ectopic expression of
β-catenin did not induce the expression of CD44 (Figure S6P and Q), the receptor of OPN, suggesting that tubular cell derived-
OPN could act on other cells such as fibroblasts, as we have observed the increase in CD44 in interstitial fibroblasts in CKDmice
(Figure 2g). We further observed that OPN and N-OPN were co-localized with CD63 (Figure 6b). Together, these observations
suggest that the generation of extracellular vesicles is accompanied by the induction of OPN and N-OPN ligands. To further

F IGURE  Ectopic OPN promotes renal fibrosis, which is inhibited by the prevention of exosome secretion in a UUOmodel. (a) Experimental design.
Red arrows indicate the time points undergoing UUO and sacrifice. Green arrows indicate dimethyl amiloride (DMA) treatment (10 mg/kg body weight).
Black arrow indicates the injection of pcDNA3 or OPN overexpression plasmid (pMCV-OPN). (b) Representative micrographs showing collagen deposition,
OPN and CD44 expression in different groups, as indicated. Kidney sections were subjected to Masson’s trichrome staining for collagen deposition (upper),
immunofluorescence staining of OPN (middle) and immunohistochemical staining of CD44 (bottom) in different groups, as indicated. Arrow indicates
positive staining; scale bar: 50 μm. (c) Graphic presentation showing the quantitative determination of kidney fibrotic lesions in different groups. ***p < 0.001
versus sham controls; †p < 0.05 versus UUO; ##p < 0.01 versus UUO + pCMV-OPN (n = 5). (d–i) Western blot analyses showing protein expression of CD63,
TGS101, OPN, N-OPN and CD44 in different groups, as indicated. Representative western blot (d) and quantitative data for CD63 (e), TSG101 (f), OPN (g),
N-OPN (h) and CD44 (i) are shown. Numbers (1 to 2) indicate individual animal in a given group. *p < 0.05, **p < 0.01, ***p < 0.001 versus sham controls;
†p < 0.05, ††p < 0.01, †††p < 0.001 versus UUO; #p < 0.05, ##p < 0.01, ###p < 0.001 versus UUO + pCMV-OPN (n = 5). (j–o) Western blot analyses showing
fibrosis-related protein expression of fibronectin, PDGFR-β, α-SMA, active β-catenin and PCNA in different groups, as indicated. Representative western blot
(j) and quantitative data for fibronectin (k), PDGFR-β (l), α-SMA (m), active β-catenin (n) and PCNA (o) are shown. *p < 0.05, **p < 0.01, ***p < 0.001 versus
sham controls; †p < 0.05, †††p < 0.001 versus UUO; #p < 0.05, ##p < 0.05, ###p < 0.001 versus UUO + pCMV-OPN (n = 5). (p) Representative micrographs
showing immunofluorescence staining of fibronectin, collagen I and vimentin in different groups, as indicated. Arrows indicate positive staining; scale bar:
50 μm
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identify the role of β-catenin in regulating exosomal OPN in tubular cells, we first transfected HKC-8 cells with siRNA to OPN,
and collect the active-β-catenin-CM to treat NRK-49F cells (Figure 6c). As shown in Figure 6d and Figure S5E–I and M, OPN
interference could significantly inhibit active-β-catenin-CM-induced fibroblast proliferation and activation. To further confirm
that OPN was encapsulated by exosomes, we examined exosomes by western blotting and found that active β-catenin-Exo con-
tained OPN and N-OPN. Interestingly, we found that N-OPN is rarely detected in the supernatant fromHKC-8 cells transfected
with pDel-β-catenin after removing exosomes, which means that N-OPN is primarily expressed in exosomes (Figure 6f and
Figure S5J). Similarly, colloidal gold staining also showed that OPN and N-OPN were encapsulated in exosomes, and quite a
number of them expressed on the outside membrane of exosomes.
To further investigate the role of tubular cell-derived exosomal OPN in eliciting its action in recipient cells (NRK-49F), we

transfected NRK-49F cells with CD44 siRNA or Ctrl siRNA, followed by incubation with pcDNA3-Exo or active β-catenin-
Exo (Figure 6h). Active β-catenin-Exo induced the upregulation of fibronectin, α-SMA, collagen I, active β-catenin, CD44 and
PCNA, but these effects were abolished by the knockdown of CD44 (Figure 6i and Figure S6B–G). Then, we labelled exosomes
derived from β-catenin overexpressed-tubular cells with Dil, a fluorescent lipophilic membrane dye for a long-term tracing (Liu
et al., 2020). Dil-labelled tubular cell-derived exosomes were then incubated into NRK-49F cells. As shown in Figure 6j, Dil-
labelled exosomes were up-taken by fibroblasts, and co-localized with N-OPN.We also found the co-localization of N-OPN and
its receptor CD44 in NRK-49F cells (Figure 6j). These further suggests that N-OPN was encapsulated in tubular cell-derived
esoxomes and transferred to fibroblasts, leading to the activation of fibroblasts via CD44.
Then, we analysed the promoter sequence and found that there was a binding site for Foxo4 in the OPN gene promoter region.

As shown in Figure 6k, there were two binding sites for Foxo4 in the OPN gene promoter region. Hence, we assessed HKC-8
cells transfected with pDel-β-catenin and found that Foxo4 expression was increased (Figure 6l and m). Moreover, as shown
in Figure 6n, CHIp assay showed that β-catenin promoted the binding of Foxo4 to the OPN promoter sequence. Consistently,
luciferase activity assay showed that β-catenin induced an increase in OPN transcriptional activity, but treatment with Foxo4
siRNA could significantly reduce this effect (Figure 6o), suggesting that β-catenin could initiate OPN expression by binding to
Foxo4.
Finally, to further confirm the role of β-catenin in controlling the OPN/CD44 axis in vivo, we injected the Wnt1-expressing

plasmid into UIRI mice. Mouse models of UIRI were described previously (Zhou et al., 2021). The archival kidney samples from
earlier studies were used for analyzing. As shown in Figure 6p and Figure S6H–M, ectopic expression of Wnt1 further triggered
a significant upregulation of active β-catenin, Foxo4, OPN, N-OPN, CD44 and CD63 in UIRI mice, suggesting that β-catenin
enhanced the exosomal OPN/CD44 signal axis in vivo. We further observed that β-catenin co-localized with OPN (Figure 6q).
Furthermore, in cultured renal tubular cells, ICG-001, a smallmolecular compoundwhich inhibits β-catenin activation, repressed
the expression of OPN and N-OPN in TGF-β-treated HKC-8 cells (Figure S6N and O). These results further revealed that β-
catenin is a master controller for the exosomal OPN/CD44 signal axis.

F IGURE  Tubular cell-derived exosomes controlled by β-catenin promote fibroblast activation in vitro. (a) Experimental design. Human kidney
proximal tubular epithelial cells (HKC-8) were transfected with active β-catenin expression plasmid (pDel-β-catenin) for 6 h and then washed and continued
to be incubated for an additional 24 h in serum-free medium (active β-cat conditioned medium). Exosomes were isolated from conditioned media by
ultracentrifugation. Conditioned media from HKC-8 cells were collected and used to stimulate normal rat kidney interstitial fibroblasts (NRK-49F). (b) TEM
showing the exosomes isolated from the conditioned media of HKC-8 cells; scale bar: 200 nm. (c–j) Conditioned media from HKC-8 cells that were transfected
with active β-catenin plasmid could stimulate the activation in NRK-49F cells in vitro. NRK-49F cells were treated with 40% of active β-cat conditioned
medium for 24 h. (c) Representative micrographs showing immunofluorescence staining of fibronectin and EDU staining in NRK-49F cells after incubation
with conditioned media from HKC-8 cells. Arrow indicates positive staining; scale bar: 50 μm. (d–h) Representative western blot (d) and quantitative data
(e–h) show that the expression of fibronectin (e), PCNA (f), c-Myc (g) and CD44 (h) was induced in NRK-49F cells by conditioned media from HKC-8 cells.
*p < 0.05, **p < 0.01 versus pcDNA3-CM; numbers (1 to 3) indicate individual treatment in a given group. (i, j) Exosomes are necessary to mediate the
activation in fibroblasts induced by conditioned media from HKC-8 cell. (i) Western blot analyses show that the conditioned media lacking exosomes from
HKC-8 cells failed to induce fibronectin, vimentin, PDGFR-β, PCNA, active β-catenin and CD44 expression in NRK-49F cells. (j) Representative micrographs
showing immunofluorescence staining of fibronectin (upper), collagen I (middle), and EDU staining (bottom) in different groups, as indicated. Arrow
indicates positive staining; scale bar: 50 μm. (k) HKC-8 cells were transfected with pDel-β-catenin for 6 h in the absence or presence of dimethyl amiloride
(DMA),and continued to be incubated for additional 24 h in serum-free medium. Conditioned media were collected and used to stimulate NRK-49F cells.
HKC-8 cells were pretreated with 100 μmol/L of DMA for 1 h, and transfected with pDel-β-catenin plasmid for 6 h, and then incubated with serum-free
medium for 24 h (active β-cat conditioned medium). NRK-49F cells were treated with 40% of active β-cat conditioned medium for 24 h. (l)
Immunofluorescence staining of CD63 shows that DMA, an exosome inhibitor, inhibited exosome secretion. Representative immunofluorescence staining
micrographs of CD63 are shown, as indicated. Arrow indicates positive staining; scale bar: 50 μm. (m) Western blot analyses show that the blockade of
exosome generation by DMA inhibited the expression of fibronectin, collagen I, α-SMA and PCNA in NRK-49F cells induced by conditioned media from
HKC-8. (n) Representative micrographs of immunofluorescence staining of fibronectin, collagen I, vimentin and EDU in NRK-49F cells after incubation with
conditioned media, as indicated. Arrow indicates positive staining; scale bar: 50 μm
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. Tubule-specific ablation of β-catenin attenuates renal fibrosis through blocking exosomal
OPN/CD axis signalling

We sought to determine the potential role of β-catenin in regulating OPN/CD44 axis signalling in renal fibrosis. To this end,
we generated conditional knockout mice in which the β-catenin gene is specifically disrupted in renal tubules using the Cre-
LoxP system, according to the previously reported procedures (Figure 7a) (Zhou et al., 2012). We first examined the expression
β-catenin in the kidneys after UUO. As shown in Figure7B, immunofluorescence staining for β-catenin showed a tubule-specific
reduction of β-catenin protein in the kidneys of Ksp-β-cat−/− mice. Western blot analysis of whole kidney lysate also showed
that renal β-catenin protein was significantly reduced in Ksp-β-cat−/− mice compared with wild type (WT) controls (Figure 7c
and d). Interestingly, following binding of β-catenin, Foxo4 protein initiated OPN expression, which decreased significantly
after β-catenin deletion (Figure 7c and e). Therefore, we further explored whether conditional ablation of β-catenin reduced
the expression of OPN. As shown in Figure 7f, g and i, OPN and N-OPN protein expression levels were markedly decreased
in the kidneys of Ksp-β-cat−/− mice after UUO compared to controls. Similarly, downregulation of CD44 was also observed in
Ksp-β-cat−/− mice (Figure 7f, h and i). CD63, a marker of exosomes, was also examined by western blotting in different groups,
as indicated. Consistently, CD63 was upregulated in UUO, but decreased following knockout of β-catenin (Figure 7f, h and i).
Furthermore, the loss of β-catenin also reduced kidney fibrosis (Figure 7i), which is consistent with the previous finding that
β-catenin was harmful in kidney fibrosis.
RNA-sequencing (RNA-seq) transcriptome-clustering profiling of mRNA showed substantial differences between UUO-

affected Ksp-β-catenin knockout mice and wild-type mice (Figure 7j). As shown in Figure 7k, the differential gene expression
analysis (volcano plots) showed that OPN, CD44 and other fibrogenesis-related genes, such as PDGFRB, FN1, PAI-1, vimentin
and collagen IIIa1, were significantly downregulated in β-catenin knockout mice. Furthermore, GO enrichment analysis showed
that the downregulated genes under β-catenin knockout conditions were assembled in the immune response, cell-cell adhesion,
cytokine secretion, collagen fibril organization, protein secretion, exocytosis and other fibrogene-correlated pathways (Figure 7l).
These results further demonstrated that β-catenin controlled OPN expression and secretion to further lead to renal fibrosis.

F IGURE  Exosome-mediated activation of the OPN/CD44 axis in tubule-fibroblast communication is controlled by β-catenin. (a) Western blot analyses
showing protein expression of OPN, N-OPN, CD63 and active β-catenin in Human kidney proximal tubular (HKC)-8 cells transfected with pDel-β-catenin for
24 h. Numbers (1 to 4) indicate individual treatment in a given group. (b) Colocalization of CD63 and OPN (upper), and CD63 and N-OPN (bottom) is shown
by double immunofluorescence staining in HKC-8 cells transfected with pDel-β-catenin for 24 h. Arrow indicates positive staining; scale bar: 10 μm. (c)
Experimental design shows OPN was knocked down in HKC-8 cells prior to the collection of conditioned media. HKC-8 cells were cotransfected with siRNA
to OPN and pDel-β-catenin plasmid for 6 h, and then incubated with serum-free medium for 24 h (active β-cat conditioned medium). NRK-49F cells were
treated with 40% of conditioned medium for 24 h. (d) Western blot shows that knockdown of OPN in HKC-8 cells abolished the expression of fibronectin,
CD44, active-β-catenin, PCNA and α-SMA in NRK-49F cells after incubation with conditioned media. Numbers (1 to 3) indicate individual treatment in a
given group. (e) Western blot analyses demonstrate the presence of CD63, TSG101, OPN and N-OPN proteins in the exosomes isolated from HKC-8 cells
transfected with pDel-β-catenin. Exosomes prepared from the same amounts of HKC-8 cells transfected with pDel-β-catenin were lysed and immunoblotted
with antibodies against CD63 and TSG101, OPN and N-OPN. HKC-8 cells were transfected with pDel-β-catenin plasmid for 6 h, and then incubated with
serum-free medium for 24 h. Supernatant was collected and used to isolate exosomes. (f) Western blot analyses show N-OPN protein expression in supernatant
and exosome-removed supernatant in HKC-8 cells transfected with pDel-β-catenin. HKC-8 cells were transfected with pDel-β-catenin plasmid for 6 h, and
then incubated with serum-free medium for 24 h (active β-cat conditioned medium). Exosomes were removed or not in active β-cat conditioned medium. (g)
Colloidal gold staining demonstrates that both OPN and N-OPN were encapsulated by exosomes isolated from HKC-8 cells transfected with pDel-β-catenin.
Both OPN and N-OPN were labelled with 10 nm colloidal gold. Arrows indicate OPN and N-OPN, respectively; scale bar: 100 nm. (h) Experimental design
show CD44 was knocked down in NRK-49F fibroblasts prior to stimulation with tubule-derived exosomes. HKC-8 cells were transfected with pDel-β-catenin
plasmid or pcDNA3 for 6 h, and then incubated with serum-free medium for 24 h. Supernatant was collected and used to isolate exosomes (active
β-catenin-Exo or pcDNA3-Exo). NRK-49F cells were transfected with siRNA to CD44 for 6 h, and then treated with active β-catenin-Exo or pcDNA3-Exo (30
μg/ml) for 24 h. (i) Western blot analyses show that knockdown of CD44 in NRK-49F fibroblast cells abolished the expression of fibronectin, α-SMA, collagen
I, active β-catenin, CD44 and PCNA in NRK-49F cells after incubation with tubular cell-derived exosomes (active β-catenin-Exo). (j) Double fluorescent
staining confirms the intracellular transfer of tubule-derived exosomal N-OPN and its colocalization with the receptor of CD44 in NRK-49F cells. HKC-8 cells
were transfected with pDel-β-catenin plasmid for 6 h, and then incubated with serum-free medium for 24 h. Supernatants were used to isolate exosomes, and
incubated with or without Dil (red). HKC-8 cell-derived exosomes (30 μg/ml) were incubated into NRK-49F cells for 12 h, followed by immunofluorescence
staining for N-OPN (green) or CD44 (red) in NRK-49F cells. Arrows indicate HKC-8 cell-derived exosomes and positive staining. Scale bar, 25 μm. (k)
Schematic diagram showing the binding site of Foxo4 with OPN. (l, m) Western blot analyses showing the upregulation of Foxo4 protein in HKC-8 cells
transfected with pDel-β-catenin. Representative western blot (l) and quantitative data (m) are shown. Numbers (1 to 4) indicate individual treatment in a given
group. HCK-8 cells were transfected with pDel-β-catenin plasmid or pcDNA3 for 24 h. **p < 0.01 versus pcDNA3 (n = 4). (n) Representative chromatin
immunoprecipitation (chip) assay results showing the binding of Foxo4 to the OPN gene promoter region. HKC-8 cells were transfected with pDel-β-catenin
or pcDNA3 for 24 h. Cell lysates were precipitated with an antibody against Foxo4, histone H3, or nonimmune IgG, and the ChIP assay was performed for
OPN gene promoters. Total diluted lysate was used as the total genomic input DNA. (O) Representative luciferase assay results showing that β-catenin
augmented OPN targeted gene transcription in a Foxo4-dependent manner. HKC-8 cells were cotransfected with renilla, pGL3-OPN, pDel-β-catenin, Foxo4
siRNA or OPN siRNA, as indicated. ***p < 0.001 versus pcDNA3 controls, ###p < 0.001 versus pDel-β-catenin plus Foxo4 siRNA or pDel-β-catenin plus OPN
siRNA (n = 3). (p) Representative western blot showing the expression of active β-catenin, Foxo4, OPN, N-OPN and CD44. At 4 days after surgery, UIRI mice
were injected with empty vector (pcDNA3) or Wnt1 expression vector (pHA-Wnt1) through hydrodynamic-based gene delivery. (q) Colocalization of β-catenin
and OPN are shown using double immunofluorescence staining in Wnt1 overexpressed mice after UIRI. Arrow indicates positive staining; scale bar: 50 μm
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For further confirmation, we then isolated exosomes from the kidneys after UUO and assessed them by western blotting. As
shown in Figure 7m–o, the isolated UUO-affected exosomes contained OPN, N-OPN, CD63 and TSG101, while they showed a
significant reduction after β-catenin deletion, suggesting that β-catenin is an effective controller of exosomal OPN/CD44 axis
signalling.

. Knockout of CD decreases kidney fibrosis in the UIRI model

To discern the role of CD44 in renal fibrosis, we constructed global CD44 knockoutmice (CD44−/−). The experimental design is
presented in Figure 8a. The efficacy of CD44 knockout was confirmed by both immunohistochemistry (Figure 8b) and western
blotting (Figure 8c–d). To test the role of CD44 in renal fibrosis, we counted renal interstitial fibrotic lesions after histological
Masson staining. As shown in Figure 8e and f, interstitial fibrotic lesions,manifested by the deposition of collagen and fibronectin,
were obviously aggravated after UIRI injury, but were further blocked by knockout of CD44. Next, Scr was assessed to further
confirm the role of CD44 in CKD. As shown in Figure 8g, the Scr level was significantly elevated after UIRI. However, knockout
of CD44 significantly attenuated the Scr increase in UIRImice. Furthermore, we assessed fibrogenesis-related protein expression
by western blotting and immunofluorescence. As shown in Figure 8h–k, fibronectin, collagen I, PDGFR-β, α-SMA and vimentin
expression levels were induced in UIRI mice, but they were apparently inhibited under the CD44 knockout condition in this
model. These data suggest that a lack of CD44 retarded kidney fibrosis in CKD.
To further identify the role of CD44 in renal fibrosis, we performed RNA sequencing in UIRI-affected wild-type mice and

CD44 knockout mice. As shown in Figure 8l, knockdown of CD44 alleviated collagen binding, fibril organization and fibroblast
proliferation, the three important processes of organ fibrosis. GSEA also demonstrated the detrimental role of CD44 in these
important fibrogenesis-related pathways (Figure 8 m).

. Tubular cell-derived exosomal OPN plays a central role in promoting renal fibrosis

To investigate the role of tubule-derived exosomes in renal fibrosis, we conducted animal studies using the UUO model by
injection of the urinary exosomes isolated from patients with CKD (CKD-Exo) or healthy controls (Healthy-Exo), as shown in
Figure 9a. We first testified whether exosomes located to diseased kidney after tail vein injection (Liu et al., 2020; Tang et al.,
2020). As shown in Figure 9b, in UUOmice, fluorescence could be observed not only in liver, spleen and lung, but also highly in
left kidney suffering from ureteral ligation; while it was weakly observed in right kidney. However, in sham mice, fluorescence
was observed in the majority in liver and lung. This suggests that UUO-affected kidney had adhesive ability to CKD-Exo, further
implying the interaction betweenCKD-Exo componentswith local cells. To testify the underlyingmechanisms,we injectedCKD-
Exo to UUO-affected CD44 knockout mice. The experimental design is shown in Figure 9c. On days 4, 5 and 6, UUOmice were
given the same amount of Healthy-Exo or CKD-Exo. As shown in Figure 9d–f, injection of CKD-Exo induced OPN and CD44
protein expression, which was inhibited by genetic ablation of CD44. Similarly, immunohistochemical and immunofluorescence
staining also revealed a substantial increase in CD44, OPN and N-OPN protein in the obstructed kidneys 7 days after UUO, but
this effect was largely blocked in the absence of CD44 (Figure 9n).
We then examined the effects of these treatments on renal fibrotic lesions. As shown in Figure 9g–m, fibronectin, collagen

I, PDGFR-β, α-SMA, PCNA and active β-catenin expressional levels were significantly upregulated in UUO mice; however,
knockout of CD44 alleviated the expression of these proteins. Consistently, Masson and immunofluorescence staining showed
that CKD-Exo injection aggravated fibronectin and collagen deposition in UUO mice, compared with Healthy-Exo. However,

F IGURE  Tubule-specific ablation of β-catenin attenuates renal fibrosis through blocking exosomal OPN/CD44 axis signalling. (a) Experimental design
showing the strategy of crossbreeding of the β-catenin-floxed mice (β-catfl/fl) with Cre transgenic mice under the control of the Ksp-cadherin promoter
(Ksp-Cre). (b) Representative immunofluorescence staining of β-catenin in different groups, as indicated. Arrow indicates positive staining; scale bar: 50 μm.
(c–e) Western blot analyses showing renal expression of active β-catenin and Foxo4 in different groups of mice at 7 days after UUO. Representative western
blot (c) and quantitative data of β-catenin (d) and Foxo4 (e) are shown. *p < 0.05, **p < 0.01 versus sham; †p < 0.05, ††p < 0.01 versus WT UUOmice (n = 5).
(f–h) Western blot analyses showing renal expression of OPN, N-OPN, CD44 and CD63 in different groups, as indicated. Representative western blot (f) and
quantitative data of OPN and N-OPN (g), and CD44 and CD63 (h) are presented. *p < 0.05, **p < 0.01, ***p < 0.001 versus sham controls; †p < 0.05, ††p < 0.01
versus WT UUOmice (n = 5). (i) Representative micrographs showing immunofluorescence staining of OPN, N-OPN, CD63 and fibronectin;
immunohistochemical staining of CD44 and collagen deposition assessed by Masson’s trichrome staining in different groups, as indicated. Arrows indicate
positive staining; scale bar: 50 μm. (j) Gene expression profiling by RNA-seq shows differential gene clustering of kidney from wild type (WT) UUOmice or
tubule specific β-catenin knockout (β-cat−/−) UUO mice. (k) Volcano plot showing the differentially expressed genes of the two groups, as indicated. (l) Gene
ontology (GO) enrichment analysis reveals that several biological processes were enriched, as indicated. (m–o) Western blot analyses showing that the
expression of OPN, N-OPN, CD63 and TSG101 protein in exosomes isolated fromWT UUO or β-cat−/− UUOmice. Exosomes were isolated form kidney
tissue of the same weight. Representative western blot (m) and quantitative data of OPN and N-OPN (n), and CD63 and TSG101 (o) are presented. Numbers (1
to 3) indicates individual animal in a given group. **p < 0.01, ***p < 0.001 versus wild-type UUOmice (n = 5)
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F IGURE  Knockout of CD44 decreases kidney fibrosis in UIRI model. (a) Diagram showing the experimental design. Red arrows indicate the time
points when wild-type mice or CD44 knockout mice undergoing UIRI, UNx and sacrifice. (b) Representative immunohistochemical staining of CD44 in
different groups, as indicated. Arrow indicates positive staining; scale bar: 50 μm. (c and d) Western blot shows that knockout of CD44 in mice abolished CD44
expression at 11 days after UIRI. Representative western blot (c) and quantitative data (d) are shown. Numbers (1 to 3) indicate individual animal in a given
group. *p < 0.05 versus wild-type controls; †p < 0.05 versus wild-type UIRI mice (n = 5). (e) Graphic presentation showing the quantitative determination of
kidney fibrotic lesions in different groups. **p < 0.01 versus wild-type controls; †p < 0.05 versus wild-type UIRI mice (n = 5). (f) Representative micrographs
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knockout of CD44 largely abolished the effects of CKD-Exo (Figure 9o). These data suggest that tubular cell-derived exosomal
OPN plays a central role in promoting renal fibrosis through CD44 signalling.
Collectively (Figure 10), our results suggest that β-catenin is a master controller for tubular cell and interstitial fibroblast com-

munication, which promotes exosome secretion and OPN expression in injured tubular cells. OPN is encapsulated in tubular
cell-derived exosomes, and then transferred to interstitial fibroblasts and induces myofibroblast activation through binding to
its receptor CD44. Exosome-mediated activation of OPN/CD44 axis leads to the development and progression of renal fibrosis.
Of note, β-catenin is the key causative factor for these series of processes.

 DISCUSSION

CKD is becoming a public health problem, which affects more than 10% of the global population (Huang et al., 2021). Although
initiated by various aetiologies, renal fibrosis is a final common pathological change in all types of CKD (Gewin, 2018; Jing et al.,
2020). Although therapies such as dialysis and transplantation can ameliorate or delay the progression of renal fibrosis, there
are currently no curative strategies (Nastase et al., 2018). The main reason for the lack of curative treatment is the complicated
mechanisms involved in CKD and renal fibrosis, which have not been fully elucidated yet.
Tubules and interstitium are important components in kidneys. Renal tubular cells execute functions of reabsorption, secretion

and excretion. With the high-energy requirement and active metabolism, tubular epithelial cells are believed to be the primary
targets and initial reactors after kidney injury. The maladaptive repair of the tubular epithelium is considered to be a key step of
kidney fibrosis (Qi & Yang, 2018). Residing in the interstitium and connecting the adjacent tubules, renal interstitial fibroblasts
provide important structural support and facilitate tissue remodelling through modulation of extracellular matrix components.
As a result, they are considered as the final executor in the development of kidney fibrosis (Qi & Yang, 2018). Furthermore,
as the neighbouring cells, tubular epithelial cells and fibroblasts commonly crosstalk and transmit information to aid kidney
repair in physiological condition or aggravate disease progression under maladaptive conditions (Qi & Yang, 2018). Notably,
defective communication plays a central role in the activation of kidney fibrosis (Nastase et al., 2018). Besides soluble factors (Qi
& Yang, 2018), numerous signalling proteins, RNAs and lipids are encapsulated into extracellular vesicles such as exosomes, to be
more efficiently transported, and to a greater extent, to prevent their rapid degradation (Cao et al., 2021; He et al., 2018; Wortzel
et al., 2019). Interestingly, recent studies have suggested that the communication between tubular cells and interstitial fibroblasts,
especially through exosomal transmission, plays a crucial role in mediating tubular cell EMT and fibroblast activation in renal
fibrogenesis, as reported by our group and others (Jing et al., 2019; Liu et al., 2020).
Exosomes are released by most types of cells, and they are surrounded by a double-layer membrane from the original cells by

exocytosis (Liu et al., 2020). Through transmitting a variety of molecules, exosomes play an important role in intercellular com-
munication to modulate the behaviour of recipient cells by receptor-ligand interactions, direct membrane fusion or endocytosis
(He et al., 2018; Pegtel & Gould, 2019; Tang et al., 2020). There has been a lot progress in understanding the role of exosomes in
renal diseases in recent years (Cao et al., 2021; Feng et al., 2021; Li et al., 2019; Lv et al., 2020; Lv et al., 2018; Tang et al., 2020),
however, the internal signal transmission mechanisms still need to be studied in detail.
In the present study, we found that tubular cell-derived exosomes induced fibroblast activation in vitro, which was abolished

through blockade of exosome biogenesis and secretion by DMA (Figure 5 and Figure S4). Similarly, kidney fibrosis was also
inhibited by the prevention of exosome secretion in vivo (Figures 3 and 4), suggesting that exosomes serve as unique and powerful
carriers for signal exchange between tubular cells and fibroblasts, and to further promote the development and progression of
renal fibrosis.
A novel discovery of this study is that OPN and N-OPN were enriched in urinary exosomes isolated from CKD patients

(Figure 1), diseased kidneys models (Figure 2) and tubular cells with overexpression of β-catenin (Figure 6), a detrimental medi-
ator to renal fibrosis. These results suggest that OPN and its terminal fragment, N-OPN, play an important role in the progression
of renal fibrosis through the secretion of exosome. Although some reports have suggested that OPN is involved in ECM accu-
mulation and contributes to kidney fibrosis (Vianello et al., 2020; Yoo et al., 2006), how OPN is transported to the recipient cell
remains a mystery. We observed that OPN was primarily expressed in proximal and distal renal tubular epithelial cells, while its

show collagen deposition assessed by Masson’s trichrome staining in different groups. Arrow indicates positive staining; scale bar: 50 μm. (g) Graphic
presentation showing the serum creatinine levels in different groups. **p < 0.01 versus wild-type controls; †p < 0.05 versus wild-type mice with UIRI surgery
(n = 5). (h–j) Western blot showing that knockout of CD44 abolished renal expression of fibrosis-related proteins in mice at 11 days after UIRI. Representative
western blot (h) and quantitative data on fibronectin and collagen I (i), and PDGFR-β and α-SMA (j) are shown. Numbers (1 to 3) indicate individual animal in
a given group. ***p < 0.001 versus wild-type controls; ††p < 0.01, †††p < 0.001 versus wild-type mice with UIRI surgery (n = 5). (k) Representative micrographs
show the expression of collagen I, vimentin and fibronectin in different groups, as indicated. Kidney sections were stained with antibodies against collagen I
(upper), vimentin (middle) and fibronectin (bottom), respectively. Arrows indicate positive staining; scale bar: 50 μm. (l) Gene expression profiling by
RNA-seq shows differential gene clustering of kidney from wild type (WT) UIRI mice or CD44 (CD44−/−) knockout UIRI mice. (m) GSEA analysis shows the
collagen binding and fibril organization and fibroblast proliferation decreased in CD44−/− UIRI mice compared with WT UIRI mice
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F IGURE  Tubular cell-derived exosomal OPN plays a central role in promoting renal fibrosis. (a) Schematic diagram showing obtaining exosomes. (b)
Urinary exosomes from patients with CKD were labelled with fluorescent lipophilic membrane dye Dil. Mice were injected by tail vein with urinary exosome
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receptor CD44, was mainly located in interstitial fibroblasts (Figure 2). CD44 is a cell surface receptor that regulates cell prolif-
eration, adhesion, migration and invasion, and could bind to several ligands, including hyaluronic acid and OPN (Chen et al.,
2018; Krolikoski et al., 2019; Xiao et al., 2011). The binding of OPN and CD44 plays roles in bone remodelling, stem cell migration
and neuron development (Chellaiah et al., 2003; Lee et al., 2020; Plantman, 2012). However, their involvement in renal fibrosis
has been scarcely reported.
In this study, we found that exosomes, the powerful carriers for biomolecules, transported renal tubular epithelial cell-derived

OPN and N-OPN to the receptor CD44 in interstitial fibroblasts. Several lines of evidences supported this finding. First, knock-
downofCD44by siRNA inNRK-49F cells abolished cell activation induced by renal tubular cell-derived exosomalOPN (Figure 6
and Figure S6). Furthermore, exosomes isolated from the urine of patients with CKD promoted the activation of fibroblasts in
UUOmice, but this was blocked in UUOmice with CD44 gene knockout (Figure 9).
Another novel and interesting finding of this study is that N-OPN serves as an indicative marker for CKD progression and

renal fibrosis. Because invasive kidney biopsy is still the only criterion for assessing renal fibrotic damage, it is necessary to
develop a noninvasive biomarker as an alternative to assess, predict andmonitor the progression of renal fibrosis in patients with
CKD. Notably, we found that urinary N-OPN serves as a biomarker in renal fibrogenesis. Moreover, urinary OPN was already

from patients with CKD. Fluorescent images of organs were acquired using a Bruker Small Animal Optical Imaging System. Sham (left) and CKD mice (right)
were injected with exosome labelled with Dil by the tail vein. The fluorescence luminescence of the heart, lung, liver, spleen and kidney was assessed at 12 h
after injection. (c) Experimental design. Large red arrows indicate the time points undergoing UUO and termination, respectively. Small black arrows indicate
the time points when exosomes derived from the urine of healthy subjects (Healthy-Exo 200 μg) were injected intravenously. Small red arrows indicate when
exosomes derived from urine of CKD patients (CKD-Exo 200 μg) were injected intravenously. (d–f) Western blot showing that knockout of CD44 in mice
injected with exosomes derived from patients with CKD abolished OPN and CD44 expression at 7 days after UUO. Representative western blot (d) and
quantitative data of OPN (e) and CD44 (f) are shown. Numbers (1 to 3) indicate individual animal in a given group. *p < 0.05, **p < 0.01 versus UUOmice
treated with Healthy-Exo; †p < 0.05, ††p < 0.01 versus UUOmice treated with CKD-Exo (n = 5). (g–m) Western blot analyses showing renal expression of
fibronectin, collagen I, PDGFR-β, α-SMA, PCNA and active β-catenin in different groups, as indicated. Representative western blot (g) and quantitative data of
fibronectin (h), collagen I (i), PDGFR-β (j) and α-SMA (k), PCNA (l) and active β-catenin (m) are shown. Numbers (1 to 3) indicate individual animal in a
given group. **p < 0.01, ***p < 0.001 versus UUOmice treated with Healthy-Exo; ††p < 0.01 versus UUOmice treated with CKD-Exo (n = 5). (n) Kidney
tissues from different groups were subjected to immunostaining for CD44 (upper), immunofluorescence staining of N-OPN (middle) and OPN (bottom).
Images demonstrate that knockout of CD44 in UUOmice injected with exosomes from patients with CKD abolished OPN and N-OPN expression in mice at 7
days after UUO. Arrow indicates positive staining; scale bar: 50 μm. (o) Representative micrographs showing collagen deposition, as well as fibronectin and
collagen I expression in different groups, as indicated. Kidney sections were subjected to Masson’s trichrome staining for collagen deposition (upper), and
immunofluorescence staining of fibronectin (middle) and collagen I (bottom). Arrow indicates positive staining; scale bar: 50 μm

F IGURE   Working model. The schematic
presentation depicts the potential mechanism by
which exosomal OPN/CD44 axis meditates renal
fibrosis. β-catenin signal is induced in injured
tubular cells, and then promotes secretion of
exosomes and OPN expression. Tubular
cell-derived OPN is encapsulated in exosomes, and
then transferred to bind with the receptor of CD44
in interstitial fibroblasts. The communication
between tubular cells and fibroblasts via exosomal
OPN/CD44 axis activates myofibroblast activation
and promotes the development and progression of
renal fibrosis
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significantly increased in patients with normal renal function (eGFR > 90 ml/min per 1.73 m2, CKD 1 stage) (Figure 1). This
suggests that urinary N-OPN is an early noninvasive biomarker that indicates the ongoing fibrogenesis. In patients with CKD
stages 2–5, urinary N-OPN did not gradually increase compared to that in patients with stage 1 CKD (Figure 1j). This may be
due to the severe damage of renal tubular epithelial cells following the progression of CKD, at which point, no further N-OPN
can be secreted.
β-catenin, an effector of the canonicalWnt signalling, plays a crucial role in kidney development and fibrotic diseases (Conduit

et al., 2019). In our previous studies, we found that the reactivated β-catenin pathway is intimately related to tubular cell senes-
cence and fibroblast activation, both of which are important contributors to renal fibrosis (Miao et al., 2019; Xiao et al., 2016;
Zhou et al., 2013). Although previous studies have shown that OPN promotes progenitor cell expansion and tumorigenicity via
activation of β-catenin (Lin et al., 2020), and that β-catenin could be a transcriptional coactivator for OPN expression in cancer
(Yang et al., 2017), the relationship between β-catenin and OPN in renal fibrosis is unclear. In our study, we found that exoso-
mal OPN is controlled by β-catenin in kidney diseases. There are several lines to support this view. Firstly, the results of both
ChIP assay and luciferase activity assay showed that β-catenin promoted the binding of the OPN promoter sequence with Foxo4,
another important transcription factor for renal fibrosis (Figure 6). In addition, tubular cell-specific ablation of β-catenin reduced
the expression of OPN both in situ in kidney tissue and the isolated exosomes (Figure 7). Finally, overexpression of β-catenin
in tubular cells enhanced the secretion of exosomes containing OPN (Figure 6). These findings, for the first time, underscore a
pivotal role of β-catenin in regulating exosomal OPN in the field of kidney disease.
We also found that CD44 induced the upregulation of multiple Wnt(s) in fibroblasts. Furthermore, the conditioned medium

from CD44-overexpressed fibroblasts greatly triggered the activation of β-catenin, and the upregulation of OPN and N-OPN.
While in fibroblasts, CD44 could only promote aweak expression ofOPN (Figure S7). These further suggest thatOPN/CD44 axis
mediates the communication between tubular cells and fibroblasts through coordinating with Wnt/β-catenin signalling. Hence,
this explains why OPN could also be inhibited in CD44 KO mice (Figure 9), suggesting the reciprocal loop between tubular
cells and fibroblasts, that is, β-catenin triggers the exosome secretion from tubular cells and OPN expression in exosomes, which
activates CD44 in fibroblasts and further triggers Wnt release to promote β-catenin activation in tubular cells. More studies
should be performed to verify the theory, however, this investigation is beyond the scope of the current study.
In summary, our results showed that exosomes play an important role in promoting renal fibrosis bymediating communication

between tubular epithelial cells and fibroblasts. Moreover, a large number of exosomes are induced in tubular epithelial cells after
kidney injury, with contents including OPN and N-OPN. Finally, exosome-mediated OPN/CD44 axis activation is controlled by
β-catenin signalling. This study provides a novel mechanistic linkage of β-catenin signalling and exosomal OPN/CD44 axis in
the setting of renal fibrosis, and underscores an important therapeutic strategy for CKD.

 METHODS ANDMATERIALS

. Human kidney biopsies and urine samples

All human samples (urine and kidney biopsies) were collected from patients with CKD at Ruikang Hospital following provision
of written consent. The demographic and clinical data are presented in Table S1. Human specimens were obtained from kidney
biopsies with clinic diagnostic. Per 50 ml of the clean morning urine samples were collected from 183 patients with CKD with
diagnostic biopsy or clinically diagnosed and 30 healthy volunteers. All of the studies involving human samples were approved
by the Ethic Committee on Human Subjects of Ruikang Hospital, Guangxi University of Traditional ChineseMedicine (KY2019-
005).

. OPN N-half enzyme-linked immunosorbent assay

Human OPN N-half Assay Kit was purchased from the ImmunoBiological Laboratories (IBL Company, Cat. JP27258). Human
urinary OPN N-half levels were measured according to the procedures outlined by the manufacturer.

. D-Label free proteomics analysis

The primary experimental procedures for 4D-Label free proteomics analysis include protein extraction, trypsin digestion, LC-
MS/MS analysis and data analysis. The resulting MS/MS data were processed using the MaxQuant search engine (v.1.6.15.0).
Tandemmass spectrawere searched against theRatUniProt database (29,940 entries) concatenatedwith a reverse decoy database.
GO enrichment analysis of the differentially expressed protein in exosomes frompatients withCKDandOPN-interacted proteins
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was identified by the clusterProfiler R package. TheOPN-interacted proteinwas analysed by STRINGdatabase andmapped using
Cytoscape software. The proteomics analysis in our research is supported by Jingjie PTM BioLabs (Hangzhou, China).

. Animal models

Male C57BL/6mice were purchased from the Experimental Animal Centre of SouthernMedical University (Guangzhou, China).
Tubule-specific β-catenin conditional knockout mice (Ksp-β-catenin−/−) were created by mating β-catenin floxed mice with
Ksp-cre transgenic mice, which were purchased from Cyagen Biosciences (stock no. CKOCMP-12387-Ctnnb1-B6N-VA; Cyagen
Biosciences, Guangzhou, China). The CD44 null mice (CD44−/−) aged 6–8 weeks, on a C57BL/6N background, were also pur-
chased fromCyagen Biosciences (stock no. KOCMP-12505-Cd44-B6N-VA). The genotyping of tail DNA samples was performed
using a routine PCR protocol as previously reported (Zhou et al., 2012). For the UUOmodel, after a midline abdominal incision,
the left ureter was separated from the surrounding tissues andmice received double ligation of the left ureter. For theUIRImodel,
the left renal pedicle was clipped for 35 min, with the body temperature maintained at 37.8◦C. On the 10th day, the right kidney
was resected, and themice were sacrificed at 11 days post-UIRI. In vivo expression of OPN and inhibition of exosome secretion in
mice were performed using a hydrodynamic-based gene delivery approach and daily intraperitoneal injections of DMA at a dose
of 10mg/kg body weight. The detailed experimental designs are shown in Figures 3a and 4a. For studying the effects of exosomes,
CD44−/− mice were used and the experimental design is detailed in Figure 9a. Sterile exosomes were collected from healthy sub-
jects or patients with CKD, quantified using the microbicinchoninic acid (BCA) protein assay, and injected intravenously (200
μg per mouse per time point). The animal experiments were approved by the Animal Ethics Committee of Southern Medical
University, Guangzhou, China (NFYY-2019-1118).

. Serum creatinine and BUNmeasurement

Serum creatinine and BUN levels were determined by an automatic chemistry analyser (AU480, Beckman Coulter, Pasadena,
California). The data are shown as mg/dl.

. TEM and colloidal gold electron microscope

The handling and detection of electronmicroscopic samples were performed by the kidney electronmicroscopic core laboratory
of Guangzhou KingMed Center for Clinical Laboratory Co., Ltd (Guangzhou, China). For TEM, pelleted exosomes or small
pieces of kidney tissue were examined according to procedures established at the KingMed Center. For colloidal gold electron
microscopy, exosomes were first adsorbed onto electron-microscope grids, rinsed twice in PBS, and incubated with 2% BSA for
10 min. Then, OPN antibody (Boster Biotechnology, Cat. PB0589, 1:50) or N-OPN antibody (Abcam, Cat. ab181440, 1:50) was
added and incubated overnight at 4◦C. Following incubation, the grids were rinsed in PBS six times and incubated with 2% BSA
for 10min. Finally, gold-IgG diluted in 2%BSAwas added to the samples and incubated in a 37◦C incubator for 60min. Following
incubation, the samples were rinsed in distilled water six times, stained with 2% uranyl acetate for 5–10 min, and rinsed once
with water. We then waited for the grid to dry and prepared labelled exosomes for electron microscopy (JEM-1400 PLUS, Tokyo,
Japan).

. Cell culture and treatment

HKC-8 cells were transfectedwith pDel-β-catenin for 4–6 h, followed by incubating in serum-freemedium. In some experiments,
HKC-8 cells were pretreated with 100 μmol/L DMA or cotransfected with OPN siRNA using Lipofectamine 2000. NRK-49F cells
were treatedwith conditionedmedia fromHKC-8 cells or exosomes (pcDNA3-Exo or active β-cat-Exo, 30μg protein/ml) isolated
fromHKC-8 cells transfected with or without pDel-β-catenin. In some experiments, NRK-49F cells were pretreated with human
recombinant OPN (Boster Biotechnology, Cat. PROTP10451) at 50 ng/ml or transfected with CD44 siRNA or CD44 expression
plasmid using Lipofectamine 2000.

. Exosome isolation

Differential centrifugation at 4◦C was used to isolate exosomes. The differential centrifugation process was as follows: morning
urine was centrifuged at 300 g for 5 min to collect the supernatant, then, 2000 g for 20 min to collect the supernatant, and
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10,000 g for 30 min to collect the supernatant, after removing the cell and debris, followed by filtration with a 0.22μm filter to
remove microvesicles. For exosome isolation and purification, the supernatant was ultracentrifuged at 110,000 × g for 2 h (Type
70 Ti rotor, Beckman Coulter Optima L-XP) at 4◦C. Pellets (exosomes) were washed to eliminate contaminating proteins and
centrifuged again at 110,000 × g, and resuspended with sterile 1 × PBS buffer, and quantified the numbers.

For exosome isolation from conditioned media, the cells were transfected with indicated plasmids, washed with sterile PBS,
and then incubated for an additional 24 h in serum-free medium. Conditioned media was collected to isolate exosomes using
differential centrifugation as abovementioned.

. Western blot analysis

Protein expression was analyzed by western blot analysis as described previously (Zhou et al., 2015). The following primary
antibodies were used: anti-N-OPN (Abcam, Cat. ab181440, 1:1000), anti-CD63 (Abcam, Cat. ab59479, 1:1000), anti-OPN (Boster
Biotechnology, Cat. PB0589, 1:1000), anti-CD44 (Boster Biotechnology, Cat. A00052, 1:1000), anti-α-tubulin (Beijing Ray Anti-
body Biotech, Cat. RM2007, 1:5000), anti-fibronectin (Sigma, Cat. F3648, 1:50000), anti-α-SMA (Abcam, Cat. ab5648, 1:1000),
anti-PDGFR-β (Santa Cruz, Cat. sc-374573, 1:1000), anti-Collagen I (Boster Biotechnology, Cat. BA0325, 1:1000), anti-Vimentin
(Abcam, Cat. ab8978, 1:1000), anti-PCNA (Abcam, Cat. ab29; 1:1000), anti-active-β-catenin (Cell Signaling, Cat. #4270s, 1:1000),
anti-c-Myc (Cell Signaling, Cat. #5605s, 1:1000), and anti-Foxo4 (Cell Signaling, Cat. #9472s, 1:1000), anti-TSG101 (Abcam, Cat.
Ab83; 1:1000), anti-CD81 (Boster Biotechnology, Cat. A01281-2, 1:1000), anti-Alix (Boster Biotechnology, Cat. BM5496, 1:1000),
anti-Flag (Boster Biotechnology, Cat. M30971, 1:1000).

. Chromatin immunoprecipitation (ChIP)

HKC-8 cells were transfected with active β-catenin expression plasmid (pDel-β-catenin) for 24 h. Cells were fixed with 4%
formaldehyde for 10 min at room temperature for protein-DNA crosslinking. Cell lysates were obtained and the ChIP assay
was performed using the SimpleChIP Plus (Magnetic Bead) Kit (Cell Signaling, Cat. 9005). The antibody against Foxo4 (Cell
Signaling, Cat. #9472s), H3, and normal rabbit IgG was added and incubated overnight at 4◦C, followed by incubation with pro-
tein A-agarose for 1 h. After washing out the precipitate, purified DNA was used as a template for PCR. The sequences of human
OPN primers were as follows: forward 5′-aaggaagctgacactttagg-3′ and reverse 5′-gagctctgggtccttttaaa-3′.

. Transcriptomic analysis

Total RNA was extracted according to the manufacturer’s instructions. The primary experimental procedures for transcriptome
sequencing analysis include RNA quantification and qualification, library preparation for transcriptome sequencing, clustering
and sequencing, and data analysis. HTSeq v0.6.0 was used to count the number of reads mapped to each gene. The FPKM of
each gene was calculated based on the length of the gene and the read count mapped to this gene. Differential expression analysis
of the two groups was performed using the DESeq2 R package (1.10.1). GO enrichment analysis of differentially expressed genes
was performed using the clusterProfiler R package. The GSEA web interface with the Molecular Signatures Database ‘collagen
binding’, ‘collagen fibril organization’ and ‘fibroblast proliferation’ genesets was used to reveal the formation process of kidney
fibrosis. Adjusted p < 0.05 was considered significantly differential expression. The transcriptome sequencing analysis in our
research was supported by Novogene Co., Ltd (Beijing, China).

. Luciferase assay

The effect of β-catenin on Foxo4-mediated gene transcription was assessed using a luciferase reporter kit (E1910, Promega,Madi-
son,WI). Briefly, HKC-8 cells were seeded in a 6-well plate and cotransfected using Lipofectamine 2000 reagent with pGL3-OPN
and active β-catenin expression vector (pDel-β-catenin) in the absence or presence of siRNA to Foxo4 or OPN, as indicated.
Renilla luciferase was used as an internal control reporter. The luciferase assay was conducted using a dual luciferase assay system
kit (Promega, Cat. E1910) according to the manufacturer’s protocols. Relative luciferase activity (arbitrary units) was calculated
as fold induction over the controls after normalizing the transfection efficiency.

. Immunofluorescence staining

Frozen sections of kidneys were fixed with 4% paraformalin-fixing solution for 15 min at room temperature. NRK-49F cells
cultured on coverslips were fixed with coldmethanol:acetone (1:1) for 15min at room temperature, followed by blocking with 10%
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normal donkey serum in PBS. Slides were incubated with primary antibodies against anti-N-OPN (Abcam, Cat. ab181440, 1:50),
anti-OPN (Boster Biotechnology, Cat. PB0589, 1:50), anti-CD63 (Abcam, Cat. ab59479, 1:50), anti-Lotus Tetragonolobus Lectin
(LTL) (VECTOR Laboratories, Cat. FL-1321,1:400), anti-Peanut Agglutinin (PNA) (VECTOR Laboratories, Cat. FL-107, 1:400),
anti-Dolichos Biflorus Agglutinin (DBA) (VECTOR Laboratories, Cat. FL1031, 1:400), anti-Collagen I (Boster Biotechnology,
Cat. BA0325, 1:50), anti-Vimentin (Abcam, Cat. ab8978, 1:50), anti-fibronectin (Sigma, Cat. F3648; 1:100), anti-CD44 (Boster
Biotechnology, Cat. M00052-3, 1:50) and anti-β-catenin (BD Biosciences, Cat. 610154, 1:150). After washing with TBS-T, slides
were incubated with Cy2 or Cy3-conjugated donkey anti- or anti-rabbit IgG (Jackson Immuno-Research Laboratories, West
Grove, PA). Nuclei were stained with DAPI (Beyotime, Cat. C1006) according to the manufacturer’s instructions. All images
were taken by confocal microscopy (Leica TCS SP2 AOBS, Leica Microsystems, Buffalo Grove, IL).

. EdU-based cell proliferation assay

The proliferation of NRK-49F cells was determined using the Click-iT plus EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher
Scientific). Briefly, cells were treated as indicated and incubated with 10 μM EdU for 6 h before fixation and permeabilisation.
Finally, the cells were stained with EdU reaction solution. Cell nuclei were counterstained with Hoechst 33258 (Beyotime, Cat.
C0003-2) for 30 min. Images were taken by confocal microscopy (Leica TCS SP2 AOBS, Leica Microsystems, Buffalo Grove, IL).

. Histology and immunohistochemical staining

Paraffin-embedded (4-μm thick) kidney sections were prepared using a routine procedure. Sections were stained with Mas-
son staining to identify collagen deposition. Computer-aided technology was used to quantify fibrotic damage (Zhou et al.,
2021). Immunohistochemical staining was performed using a routine protocol. The following antibodies were used: anti-CD44
(Abcam, Cat. ab189524, 1:80), anti-N-OPN (Abcam, Cat. ab181440, 1:50). Images were taken by an Olympus DP80 microscope
with EMCCD camera.

. Nanoparticle tracking analysis (NTA)

NTA was performed using the ZetaView Particle Metrix (Meerbusch, Germany). Isolated exosomes were diluted using 1 × PBS
buffer to measure particle size and concentration. Data from the ZetaView were analysed using the software ZetaView 8.04.02.
According to the measured concentration, resuspension volume and dilution factor were used to calculate the absolute numbers
of particles.

. Organ imaging of exosome distribution

C57BL/6 mice were subjected to Sham or UUO surgery. Five days after surgery, mice were intravenously injected with 400 μl of
Dil-labelled urinary exosomes (200 μg) from CKD patients. All mice were sacrificed after 12 h. Major organs including kidneys,
heart, liver, lung and spleen were removed and placed in glass dishes. Organs were exposed to a Bruker FX PRO imaging system
equipped with an excitation at 549 nm and emission at 565 nm, and images were taken with camera and analyzed digitally. All
procedures were conducted in dark.

. Exosome quantification

EXOCET Exosome Quantitation Assay Kit was purchased from the System Biosciences (SBI Company, Cat. EXOCET96A-1).
Human urinary exosome numbers were measured according to the manufacturer’s protocols, by measuring the activity of exo-
some acetylcholinesterase.

. Labeling of urinary exosome or exosomes from conditioned media

To obtain Dil (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate)-labelled exosomes, purified urinary exosome
from patients with CKD or conditioned media-derived exosomes were incubated in the presence of 5 μl/ml Dil fluorescent dye
(V22885, Invitrogen) for 30min at 37 ◦C, then resuspended in 30ml of PBS and ultracentrifuged at 200,000× g for 2 h to remove
Dil dye. After being washed twice, the labelled urinary exosomes were resuspended in PBS; active-β-catenin- exosomes were
resuspended in serum-free medium and then add to fibroblasts and incubate cells for 12 h.
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. Real-Time qRT-PCR

Total RNA was isolated using TRIzol RNA isolation system (Life Technologies, Grand Island, NY) according to the manufature
instruction. The cDNA synthesis was carried out by using a Promega reverse transcription (Promega, Madison, WI), and qRT-
PCR was performing on an ABI prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). The sequences
of the primer pairs for different genes are described in the Table S2. The mRNA levels of various genes were calculated after
normalizing with β-actin.

. Silver staining

First morning urine was collected from CKD patient. Urine sample (50 ml) was passed through filter paper and centrifuged at
300 × g for 5 min at room temperature (RT) to collect sediment and supernatant. Urinary exosomes were collected as described
earlier. Protein concentration was determined using a BCA Protein Quantification Kit. Fast Silver Stain Kit was purchased from
the Beyotime (Cat. P00175, Shanghai, China). Silver staining was measured according to the procedures outlined by the manu-
facturer.

. Iodixanol density gradient centrifugation

Gradient fractions were prepared by diluting 60% iodixanol (OptiPrep, Serumwerk Bernburg AG for Alere Technologies) with
PBS. The samples were loaded on top of an iodixanol gradient consisting of 3 ml 40%w/v, 3 ml 20%w/v, 3 ml 10% w/v and 2.5 ml
5% w/v iodixanol in a 13.2 ml ultraclear tube (Beckman Coulter). Exosome pellets obtained by ultracentrifugation from urine of
CKD patients were resuspended with 200 μl of PBS and overlaid onto the top of the gradient. The samples were centrifuged at
100,000 × g (SW41 Ti rotor, Beckman Coulter) for 16 h at 4◦C. Fractions of 1 ml were collected, their density was measured at
340 nm based on the absorbance values from the standard curve constructed by 5%, 10%, 20%, 40% and 60% iodixanol solutions
to estimate the density of each fraction collected from samples. EV containing fractions (with a density of 1.11–1.16 g/ml) and the
three closest fractions above and below the density 1.11–1.16 g/ml separately collected and used as control samples respectively
were pooled and diluted with 30 ml in 1×PBS. Diluted samples were centrifuged at 160,000 × g (70 Ti rotor, Beckma Coulter) for
2 h at 4◦C. The pellets were resuspended in 100 μl of PBS and stored at –80°C until further analysis.

. Quantifications of renal fibrosis

An Olympus DP80 microscope with an EMCCD camera was used to observe the glass slides stained with Masson stain under
the microscope, and 2448 × 1920 pixel resolution images captured at a high magnification (×400) field from a randomly selected
field were captured. Each part contains 10 fields, and the image of each part is divided into 100 squares. The tissue fibrosis stained
in blue was scored.

. Statistical analyses

All data are presented as mean ± SEM. Statistical analysis was performed using SPSS 19.0 (SPSS Inc, Chicago, IL). Comparisons
were made by Student’s t-test for comparison of two groups, or via one-way analysis of variance followed by the least significant
difference or Games–Howell procedure for comparison of more than two groups. p-values < 0.05 was considered statistically
significant. Bivariate correlation analysis was performed using Pearson and Spearman rank correlation analysis.
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